A model for the posttraumatic stress disorder (PTSD) as a disorder of memory is presented drawing both on psychological and neurobiological data. Evidence on intrusive memories and deficits in declarative memory function in PTSD-patients is reviewed in relation to three brain areas that are involved in memory functioning and the stress response: the hippocampus, amygdala, and the prefrontal cortex. Neurobiological studies have shown that the noradrenergic stress-system is involved in enhanced encoding of emotional memories, sensitization, and fear conditioning, by way of its effects on the amygdala. Chronic stress also affects the hippocampus, a brain area involved in declarative memories, suggesting that hippocampal dysfunction may partly account for the deficits in declarative memory in PTSD-patients. Deficits in the medial prefrontal cortex, a structure that normally inhibits the amygdala, may further enhance the effects of the amygdala, thereby increasing the frequency and intensity of the traumatic memories. Thus, by way of its influence on these brain structures, exposure to severe stress may simultaneously result in strong emotional reactions and in difficulties to recall the emotional event. This model is also relevant for understanding the distinction between declarative and non-declarative memoryfunctions in processing trauma-related information in PTSD. Implications of our model are reviewed.
Introduction
Although most often the experience of a trauma does not lead to long-term psychological problems, some individuals continue to experience trauma-related symptoms long after a trauma occurred, often qualifying for a diagnosis of posttraumatic stress disorder (PTSD), depression, or alcohol or substance abuse (Saigh and Bremner, 1999) . Rates of PTSD following exposure to a traumatic event average around 25-30%, although certain traumatic events, such as rape, are associated with higher rates (Acierno et al., 1999) . Studies of PTSD suggest a specific association between the extreme stress of a trauma and alterations in memory functioning (Pitman, 1989; American Psychiatric Association, 1994; Bremner et al., 1999a) . Clinicians have pointed at these memory disturbances of PTSD-patients for decades. In a study from World War II about 5% of the soldiers who had been combatants in a campaign had no memory for events that had just occurred (Torrie, 1944) . Follow-up studies of veterans of World War II showed that many people still suffered from episodes of 'black-outs' or loss of explicit memory (Archibald and Tuddenham, 1965) . Also in civilians, for instance the survivors of the Boston's Cocoanut Grove nightclub fire, memory related 'posttraumatic complications' have been identified (Adler, 1943) .
Typically two types of memory disturbances have been identified in traumatized individuals; intrusive memories and impoverished memory functioning (APA, 1994) . Intrusive memories are accompanied by high levels of arousal, involving a variety of sensoric modalities or behavioral responding, that may be experienced as reenactments of the original trauma ('flashbacks') (see for a comprehensive review; Van Oyen Witvliet, 1997) . In general, these memories are triggered automatically by situations that reflect aspects of the traumatic event. The second category of memory disturbances in PTSD-patients is concerned with impoverished memory functioning due to diminished encoding or impaired retrieval abilities. PTSD-patients may report deficits in declarative memory (remembering events, facts or lists), fragmentation of memories (both autobiographical and trauma-related), and trauma-related amnesia (gaps in memory that can occur for minutes to days and are not due to ordinary forgetting; Table 1 ).
Memory functioning can be divided into declarative (explicit) and non-declarative (implicit) memory processes (Squire and Zola-Morgan, 1991 ; see also Fig. 1 ). This distinction is particularly useful for research in PTSD, since declarative and non-declarative memory processes may be affected in different ways (Kihlstrom, 1987; Brewin et al., 1996; McNally, 1998) . Declarative memory refers to the ability to consciously remember and reproduce events and facts. Implicit or procedural memory refers to affective and behavioral knowledge of an event without conscious memory, including learning skills, priming, and conditioning. In patients with PTSD, implicit memory processes may automatically facilitate access to information about the traumatic event. Implicit memory may underlie fear conditioning and re-experiencing phenomena in PTSD. Explicit memory is related to declarative memories of the trauma that contain explicit information about the sensory features of the situation, the emotional and physiological reactions experienced, and the perceived meaning of the event.
Memory alterations in PTSD represent a complex interrelationship between mind and brain. Accordingly, theories on PTSD and memory disturbances typically stem from a psychological (Foa et al., 1989; Brewin et al., 1996; McNally, 1998) or a neurobiological (Pitman, 1989; Sapolsky, 1996; Bremner et al., 1999a) perspective. Psychological theories have emphasized the social, psychological, and cognitive impact of life threatening experiences, many couched in terms of information processing analyses. These theories have offered valuable insights into the wide array of consequences that a traumatic experience may have. Psychological theories have one major limitation, however. Because experimental research on trauma-related memories is difficult to conduct for ethical considerations, psychological theories are merely based on post-hoc observations. On the basis of experiments with animals under stressful conditions neurobiological models of stress have been developed that are extremely valuable in understanding 'how' the stress-system works. A limitation of this approach is, however, the generalisability to humans. Furthermore, animal studies cannot inform us about the impact of trauma on verbal, declarative memory, and the meaning and consequences a trauma may have.
Taken into account the strengths and limitations of both psychological and neurobiological approaches, an interdisciplinary analysis may lead to a better understanding of the effects of trauma on memory functioning. The purpose of the present paper is to present a new model for PTSD and memory disturbances, drawing both on psychological and neurobiological data. We will first present psychological data on trauma-related intrusive memories, amnesia, and recovered memories, followed by neurobiological findings on stress-related memory alterations. Finally, we will present our model for memory disturbances as a core element of PTSD, incorporating data from psychological and neurobiological studies.
Neuropsychological studies of memory dysfunction in PTSD

Information processing models of PTSD
Following the footsteps of Kardiner (1941) , who pointed out that patients with PTSD develop serious distortions in the way they process information, psychologists have increasingly applied experimental paradigms to elucidate information processing abnormalities in patients with PTSD (Foa et al., 1989; Brewin et al., 1996; McNally, 1998) . Information processing theories focus on how trauma-related information is represented in the cognitive system, and how it is subsequently processed. Central to these theories is the concept of emotional memory networks that comprise stimulus (perceptual information), response (verbal, behavioral, and physiological efferents), and meaning units (declarative and semantic knowledge). When input (for example a noise) 'matches' representations in the emotional memory network (e.g. the noise of the ambulance), mutual activation automatically spreads among the units, activating verbal, behavioral and physiological responses, and declarative and semantic knowledge. This may result in reexperiencing symptoms, accompanied by physiological arousal, intrusive memories, and strong emotions, such as fear or anger.
Cognitive models share the assumption that a trauma provides highly salient information that does not fit into preexisting schema's or models of the world (Foa et al., 1989; Brewin et al., 1996) . Successful processing of the traumatic event ('recovery') is assumed to occur when trauma-related information is integrated into existing models, often by virtue of changing these models (Foa et al., 1989; Brewin et al., 1996) . Because activation of the trauma-network may lead to excessive arousal, this is often avoided however, thereby impeding the integration of trauma-related information in preexisting models. (Brewin et al., 1996) . In this model, conscious, verbally accessible memories contain information about the sensory features of the traumatic situation, the emotional and physiological reactions experienced, and the perceived meaning of the event. Nonconscious (automatic) processing of the trauma is assumed to result in situationally accessible knowledge that is accessed automatically when physical features or meaning (a picture, or smell) resemble those of the traumatic situation. Situationally accessible knowledge encompasses highly detailed, repetitive memories (flashbacks, or intrusions) that are difficult to edit and that are accompanied by physiological and emotional changes experienced during the trauma. It is assumed that through selective attention and memory processes traumarelated information is given priority over neutral material, further stimulating the processing of trauma-related information.
Automatic processing of trauma-related information
Experimental studies support the notion that automatic processing of trauma-related information is disturbed in patients with PTSD. Several studies have established that patients with PTSD compared to traumatized patients without the disorder exhibit an attentional bias that selectively favors the processing of trauma-related material. Vietnam veterans with PTSD exhibited an enhancement of implicit memory (i.e. recall following priming by words stems) for combat words, relative to neutral words in comparison subjects (Zeitlin and McNally, 1991; Amir et al., 1996) . Furthermore, in emotional Stroop-tasks, where participants have to name the color of words that are presented to them, patients with PTSD take significantly longer to name the color of trauma-related words (i.e. 'body-bag') relative to several categories of control words. Delayed color-naming for trauma-related words was found in several samples of PTSD-patients, including Vietnam veterans (McNally et al., 1993) , rape victims (Foa et al., 1991) , and motor vehicle accident survivors (Bryant and Harvey, 1997) . Since delays in color-naming are involuntary, this indicates that PTSDpatients have an automatic attentional bias to trauma words. PTSD-patients also demonstrated initial eye fixations on threat words more than controls, which further supports the automatic nature of processing trauma-related information (Bryant et al., 1995) . Interestingly, Stroop-interference for trauma words appeared to be related to severity of PTSD-symptoms as measured by the Mississippi scale (McNally et al., 1990 ) and selfreported intrusive symptoms (Cassidy et al., 1992) . All together, these studies support the notion that PTSD-patients exhibit automatic interference for trauma-related information, and exhibit more interference for trauma-related material than do trauma-exposed people without the diagnosis PTSD. It has been suggested that intrusions in PTSD may not be limited to trauma-related cognitions alone, however, but may instead reflect a more general pattern of disinhibition. On tasks of sustained attention, initial acquisition, and retroactive interference the performance of Persian Gulf War veterans with PTSD was typically characterized by a general response disinhibition and intrusions (Vasterling et al., 1998) .
In line with information processing models, physiological hypersensitivity to traumatic material (or conditioning), has also been found in PTSD-patients, indicating that disturbances in automatic information processing are not limited to cognitive processes. Several studies have shown exaggerated startle response (such as eye blink) in response to a loud noise in patients with PTSD, presumably reflecting a sensitization of the fear/alarm response (Orr et al., 1995; Shalev et al., 1997; Grillon and Morgan, 1999) . Moreover, exposure to internal or external cues that symbolize or resemble an aspect of the traumatic event induces strong sympathetic reactivity in PTSD-patients, even years after the trauma occurred (Blanchard and Buckley, 1999; Shin et al., 1999) . Taken together, these studies indicate that automatic access to trauma-related information in PTSD-patients is disturbed, consistently resulting in strong physiological and emotional responses, and that the facilitated access is more strongly related to PTSD than to a history of exposure to trauma.
General memory impairment
PTSD is not only characterized by intrusive memories, but is also associated with general deficits in declarative memory, fragmentation of memories (both autobiographical and trauma-related), and trauma-related amnesia. Even though intrusions and amnesia may appear to be opposite phenomena, these may instead be interrelated processes in that the occupancy with intrusive memories may interfere with, and thus reduce, memory processing of other material. Several studies have established that patients with PTSD compared to traumatized subjects without a PTSD diagnosis have deficits in general declarative memory for information unrelated to the content of the trauma. Vietnam veterans with combat-related PTSD scored significantly lower (almost 50%) on the Wechsler Memory Scale (WMS)-Logical memory and the Selective Reminder Test compared to matched controls, without displaying any differences in IQ (Bremner et al., 1993a) . In line with this, Vietnam veterans with PTSD have shown deficits in short-term memory as assessed with the Auditory Verbal Learning Test (AVLT) in comparison to veterans without PTSD (Uddo et al., 1993) . Deficits in short-term and delayed declarative memory have also been found in adult survivors of childhood abuse (Bremner et al., 1995a) , in rape victims with PTSD (Jenkins et al., 1998) , and in child and adolescent patients with PTSD (Moradi et al., 1999) . Veterans also manifested a significant decrement in retention of previously presented material following exposure to an intervening word list (Yehuda et al., 1995) . In a study by Zeitlin and McNally (1991) PTSD-patients exhibited a general memory impairment for neutral information, whereas their memory for trauma-related information was enhanced, suggesting that intrusions of trauma-related material interfered with the encoding and retrieval of neutral information. Veterans with PTSD also exhibited more impairment in general cognitive functioning compared to veterans without this diagnosis (Barrett et al., 1996) .
Trauma-related amnesia
Trauma-related amnesia is another memory failure that has been reported often by traumatized persons. In a survey about 25 studies a substantial proportion of individuals report having forgotten traumatic experiences for some period of time, especially from childhood (Scheflin and Brown, 1996) . More than 30% of adults who had been sexually abused as children either failed to report or were amnesic for the event many years later (Williams, 1994) . Although most of these studies suffer from methodological weaknesses related to the subjective nature of the reports, altogether these studies suggest that amnesia for a traumatic experience may occur at some point. The mechanism behind self-reported
The distinction between conscious and nonconscious, implicit memory processes has played an important role in the understanding of trauma-related amnesia (Kihlstrom and Schacter, 1995; Elzinga et al., 2000) . Based on this distinction, amnesia has been regarded as the absence of verbally accessible knowledge leaving only nonconscious, situationally accessible knowledge available (Brewin et al., 1996) . Within this model amnesia may (partly) be seen as the result of a conscious strategy to avoid trauma-related information by disengaging attention from negative emotions associated with the traumatic event. Although clinical observations and subjective reports support the cognitive avoidance hypothesis, a study using the directed-forgetting paradigm in patients with PTSD as a result of childhood abuse was inconsistent with this idea . In this study, participants were presented trauma, positive and neutral words and were instructed to either remember or forget each word. Instead of exhibiting recall deficits for trauma-related words, the PTSD group exhibited recall deficits for the positive and neutral words they were supposed to remember . More generally, factors that are known to affect the depth of encoding and retrieval, including the degree to which information is elaborated, organized, and rehearsed, have been proposed to play a (additive) role in forgetting emotional information (Koutstaal and Schacter, 1997) . As such, prohibitions against verbalizing and sharing information of traumatic experiences may undermine encoding, storage, and/or retrieval of traumatic memories (Freyd, 1996) .
Recovered memories
There has been considerable controversy surrounding the validity of memories of childhood abuse that are recovered after they have been absent for a certain period (Bremner et al., 1996a; Pezdek and Banks, 1996) . Reports of recovered memory have been criticized as representing possibly false memories of abuse suggested by over-zealous psychotherapists and by other influences in the media and popular culture (Lindsey and Read, 1994; Kihlstrom, 1995) . Based on studies in normal subjects, consensus has been reached that under certain circumstances memories can be induced or altered by postevent interventions, including misinformation, suggestion, repeated imaging, and source confusion, especially in highly suggestible subjects (Ceci and Bruck, 1993; Zaragoza and Mitchell, 1996) . In a study of Hyman and Billings (1998) approximately 25% of the students created false childhood memories after being encouraged to imagine the suggested childhood event. Interestingly, subjects with high scores on dissociative and imaginative capacities appeared to be more prone to create false memories.
Until now, only two studies have been conducted on false memories in patients with PTSD (Bremner et al., 2000; Clancy et al., 2000) . In these studies, subjects were read lists of words, with each word in the list associated with a 'critical lure' not actually present in the list, but which is 'falsely remembered' in a substantial percentage of normal individuals. Women with abuse-related PTSD had a higher frequency of false recognitions of critical lures then women with abuse histories without PTSD, non-abused non-PTSD women, or men without abuse or PTSD (Bremner et al., 2000) . PTSD women also showed a pattern of poorer memory for previously studied words, consistent with the findings of declarative memory deficits in PTSD. Clancy et al. (2000) found that women with recovered memories of childhood sexual abuse showed high levels of false recognition compared to other childhood sexual abuse victims and non-abused controls. As shown in the study of Bremner et al. (2000) memory deficits and proneness to the creation of false memories may co-occur. Thus, PTSD-patients may be more prone for the creation of false memories, not so much because they are more suggestible, but because of their general memory deficits, leaving more room for elaboration.
In sum, there seems to be no reason to doubt that under certain circumstances false memories can be created. On the other hand, the creation of false memories of rather common events, such as being lost in a shopping mall, is not a reasonable analogy for more aversive situations. False memories of experiences with the same emotional impact and severity as those of a traumatizing situation have never been created in a laboratory situation. In an attempt to suggest a false memory of a rectal enema Pezdek and Roe (1997) succeeded in none of the subjects. Because a study on false memories of traumatic events is inoperable for ethical reasons, the creation of false memories will remain an unproved possibility of which therapists should be aware off. Clearly, further studies are needed that directly assess the issue of memory functioning and suggestibility of patients with PTSD.
Dissociation and amnesia
There is evidence that dissociative phenomena may also play an important role in the memory impairments of PTSD-patients. Dissociation is defined as a disruption in the usually integrated functions of consciousness, memory, identity, or perception of the environment. PTSD-patients report more dissociative symptoms during a life-threatening situation compared to traumatized people without PTSD (Bremner et al., 1992; Marmar et al., 1994; Shalev et al., 1996; Bremner and Brett, 1997a) . Moreover, in assessing dissociative symptoms with the use of the structured clinical interview for DSM-IV Dissociative Disorders (SCID-D) in Vietnam veterans, PTSD-patients had far more amnesia symptoms than non-PTSD patients (Bremner et al., 1993b) . Dissociative reactions, such as derealisation or depersonalisation, may impede memory encoding, so that traumatic memories can not be stored properly. Moreover, difficulties with verbally accessing memories of the trauma can prevent integration of this information in preexisting networks. This may explain why people with high levels of dissociation at the time of trauma are more prone to develop PTSD. Although trauma-related amnesia may seem adaptive in chronically traumatic circumstances, empirical studies have shown that amnesia and related dissociative symptoms at the time of trauma are associated with a long-term increase in psychopathology (Bremner et al., 1992; Marmar et al., 1994; Shalev et al., 1996; Bremner and Brett, 1997a) .
The neurobiology of memory functioning in PTSD
Findings from studies of the effects of stress on brain structures that mediate memory can add to the model for memory disturbances in PTSD. The hypothalamus-pituitary-adrenal (HPA)-axis (cortisol) and noradrenergic system are mutually inter-regulating systems that play an important role in the regulation of stress. Cortisol and (nor)adrenaline act on the hippocampus, amygdala, prefrontal cortex, and other brain areas to influence memory function. Adrenaline has a short-term effect to strengthen memory traces, while cortisol has a more long-term effect to inhibit the laying down of memory traces. Studies in animals show that stress can have reversible, acute effects on memory function and long-term, structural effects on the hippocampus.
The role of the noradrenergic system and the amygdala
The noradrenergic system is responsible for rapid responses to stress, including the fight or flight response. Chronic stress is associated with increased firing of noradrenaline neurons in the brainstem and potentiated release of noradrenaline in the brain with subsequent stressors (Bremner et al., 1996b) . The noradrenergic system strengthens the formation of memory traces associated with emotional events. In several studies adrenaline is shown to enhance memory in dose-dependent way . Furthermore, a medication that blocks the adrenaline beta receptor (propranolol) reduces the recall of an emotionally arousing story (but not a neutral story), suggesting that activation of the adrenergic receptors in the brain enhances the encoding of emotionally arousing stories (Cahill et al., 1994; Van Stegeren et al., 1998) .
Adrenaline seems to enhance retention through its effects in limbic structures, including the amygdala complex. Several studies indicate that the memory enhancing effects of emotionally arousing events are mediated by the activation of β-adrenergic activity within the amygdala complex . Lesions in this region block the memory enhancing effects of adrenaline. In patients with selective damage to the amygdala complex emotionally influenced memory is impaired whereas the memory for relatively unemotional material is normal (Cahill et al., 1995) . Furthermore, in a PET-study high correlations were found between activity in the right amygdala complex while viewing an emotional film with the retention of those films, whereas no such correlation was found for neutral films (Cahill et al., 1996) . Since the experience of a stressful event might be accompanied by adrenaline release, the noradrenergic system may play an important role in the enhanced encoding of trauma-related memories of PTSD-patients. Moreover, when retrieval of a traumatic event is accompanied by adrenaline release, this may further strengthen the traumatic memory trace. A positive feedback loop may then result in deeply engraved memories, which are clinically expressed as intrusive recollections and flashbacks that are difficult to erase.
Several studies support the role of noradrenaline in intrusive memories in PTSD. Infusion of lactate or yohimbine, substances that activate the noradrenergic system, induced intrusive memories and flashbacks in combat veterans with PTSD, besides other PTSD-symptoms including emotional numbing, and panic attacks (Southwick et al., 1993) . In combat veterans with PTSD (Yehuda et al., 1992) and women with child abuse-related PTSD (Lemieux and Coe, 1995) 24-h urinary excretion of noradrenaline has been correlated with intrusive traumatic memories as measured by the IES (Impact of Event Scale). Furthermore, plasma noradrenaline was enhanced in veterans with PTSD after exposure to auditory stimuli reminiscent of combat (McFall et al., 1990; Blanchard et al., 1991) . These findings indicate that adrenaline may be associated with the intrusive memories of PTSD-patients.
The amygdala also plays an important role in fear conditioning (Ledoux, 1996) . Fear conditioning leads to increases in amygdala activity, as measured by functional magnetic resonance imagery (LaBar et al., 1998; Buchel et al., 1998) . Electrical stimulation of the central nucleus of the amygdala has been shown to enhance the acoustic startle response (Davis, 1998) . Furthermore, lesions to the central nucleus of the amygdala completely block fear potentiated startle (Hitchcock and Davis, 1986) . Patients with unilateral temporal lobectomy (including amygdala resection) showed impaired acquisition of fear conditioning relative to controls, whereas their explicit memory showed no difference (LaBar et al., 1995; Bechara et al., 1995) . Interestingly, functional imaging studies have shown that the amygdala is activated more strongly in the presence of subliminal presentation of fearful and angry faces than do freely seen ones, suggesting that the amygdala is specifically engaged in non-declarative, implicit emotional processing (Whalen et al., 1998) . Given these findings, amygdala dysfunction may be responsible for the increased fear conditioning of PTSDpatients that is evident in the elevated startle response and the increase in physiological responding to exposure to traumatic reminders.
The prefrontal cortex
The amygdala has connections to the prefrontal cortex (PFC), terminating mainly in the medial and orbital areas of the PFC (Fig. 2) . The PFC is critical for guiding behavior using working memory. The PFC allows the inhibition of inappropriate cognitive and emotional responses or distracting stimuli, thereby facilitating planning and the execution of effective organized behavior (Arnsten, 1998) . The medial PFC may also be involved in the modulation of the emotional valence assigned to specific memories, through inhibition of responsivity of the amygdala. It has been shown that exposure to stress increases catecholamine release in the PFC (Thierry et al., 1976; Goldstein et al., 1996) . Noradrenaline appears to have opposite actions at alpha-1 and alpha-2 receptors; noradrenaline can impair PFC function through its actions at post-synaptic alpa-1 adrenergic receptors, whereas actions at alpa-2 receptors may improve performance. Since noradrenaline has higher affinity for alpa-2 than for alpha-1 receptors, low levels of noradrenaline release may engage alpa-2 receptors, whereas higher concentrations may engage alpha-1 receptors, resulting in impaired PFC function, including impaired working memory and response inhibition (Arnsten, 1998) . Besides the effects of noradrenaline, high levels of dopamine may also impair PFC function. These effects of catechola-mines may explain why persons have difficulties in sustaining attention, are easily distracted, and have inhibition problems during stress. In monkeys, there is evidence that noise stress impairs prefrontal cortical cognitive functioning (Arnsten and Goldman-Rakic, 1998) . Thus, PFC dysfunction might account for working memory deficits of PTSD-patients (Bremner et al., 1993a (Bremner et al., , 1995a . Experiments using imaging techniques have observed enhanced activity in the anterior cingulate cortex during the Stroop task and selective attention tasks. Accordingly, PFC dysfunction may also play a role in the interference on Stroop-tasks (e.g. McNally et al., 1990 McNally et al., , 1993 and lack of inhibition (Vasterling et al., 1998) of PTSD-patients.
There are several indications that the PFC also has a function in the inhibition of emotions through its projections to the amygdala. Rats with PFC lesions were unable to extinguish fear responses after fear conditioning, whereas this fear response was easily extinguished when there was no damage to the PFC . In humans, lesions to the PFC have also been associated with dysfunctions in emotion regulation and an inability to relate in social situations that require correct interpretation of the emotional expressions from others (Damasio et al., 1994) . Neuroimaging studies are consistent with the idea that medial PFC dysfunction may be partially responsible for the failure to extinguish fear. Patients with PTSD as a result of childhood sexual abuse (Bremner et al., 1999b) and of combat exposure (Bremner et al., 1999c) showed a deactivation of the medial PFC when confronted with reminders of the trauma (Fig. 3) . Decreased activation in the PFC could be related to the incapacity of PTSD-patients to inhibit intrusive memories. Medial PFC dysfunction together with amygdala activation might also offer an explanation for the finding that prior trauma sensitizes for developing PTSD in response to subsequent traumatic events.
The cortisol-system and the hippocampus
Prolonged exposure to stressful events is associated with a marked increase in the release of the stress-hormone cortisol from the adrenal. Cortisol or corticosterone, depending on the system, is part of the stress-regulating hypothalamic-pituitary-adrenal (HPA) axis. Cortisol release from the adrenal is regulated by the adrenocorticotropine releasing hormone (ACTH) from the pituary, which in turn is primarily regulated by corticotropin releasing factor (CRF) from the paraventricular nucleus of the hypothalamus. After an initial increase in cortisol, inhibitory feedback systems in the brain reduce further release of CRF and ACTH. Because of its glucocor-ticoid (GC) receptor sites, the hippocampus is the primary side of feedback for GC regulation keeping cortisol levels within physiological range. This makes the hippocampus particularly sensitive to stress Sapolsky, 1996) . Moreover, unlike other brain structures, the dentate gyrus of the hippocampus formation undergoes continual structural remodeling in adulthood. This is another factor what makes the hippocampus particularly sensitive to environmental and experience-dependent changes (Gould and Tanapat, 1999) .
The hippocampus is a brain structure involved in learning and memory, especially declarative (explicit) memory. Memories are initially stored in the hippocampus, and reorganized after several weeks, with storage in other brain areas, including the neocortex (Zola- Morgan and Squire, 1990) . Another role of the hippocampus is to bring together memory elements from diverse neocortical areas at the time of retrieval of explicit memory. Interestingly, there is a biologically based distinction between declarative memory and nondeclarative memory, which is mediated by structures outside the hippocampus. In patients with damage to the hippocampus, for instance the famous case of H.M., declarative memory is impaired, whereas procedural (implicit) memory is unaffected (Scoville and Milner, 1957) .
Animal studies have provided ample support for the hypothesis that the hippocampus may be impaired due to high levels of GC release (Sapolsky, 1996; McEwen, 1999) . Studies in a variety of animal species suggest that direct GC exposure results in a loss of neurons in the hippocampus (Uno et al., 1989; Sapolsky et al., 1990) , in a decrease in dendritic branching (Woolley et al., 1990; Watanabe et al., 1992) , in alterations in synaptic terminal structure (Magarinos et al., 1997) , and in an inhibition of neuronal regeneration (Gould and Tanapat, 1999 ). Stress appears to affect long-term potentiation (LTP), which is used as a model for the molecular basis of new learning and memory, because it requires repeated and synchronous activation of two neurons (Diamond et al., 1995) . Thus, reduced LTP due to high levels of stress may lead to a reduced ability to form new memory traces. Corticosterone has also been shown to have detrimental effects on a second model of memory, 'primed burst' (PB). In line with this, high levels of GC seen in stress have been associated with deficits in new learning. Rats that were exposed to 21 days of restraint stress for 6 h each day demonstrated impaired performance on the eight-arm radial maze (Luine et al., 1994) .
Studies in animals showing GC-mediated hippocampal toxicity and memory dysfunction with stress led to the hypothesis that severe stress, such as the experience of a trauma, may result in similar deficits in human subjects (Bremner, 1999) . In clinical subjects, patients with elevated cortisol levels have been reported to show deficits in memory. Patients with Cushing's Disease, involving excessive release of cortisol over long periods of time, have deficits of verbal declarative memory that are correlated with hippocampal volume reduction on magnetic resonance (MRI) (Starkman et al., 1992) . Imaging studies in PTSD are consistent with the hypothesis that stress affects the hippocampus. Smaller hippocampal volumes have been observed in Vietnam veterans with PTSD (Bremner et al., 1995b; Gurvits et al., 1996) , and in adults with PTSD as a result of a history of severe childhood abuse (see Fig. 4 ; Bremner et al., 1997b; Stein et al., 1997) . In the later study hippocampal atrophy was correlated with level of dissociative symptomatology. In one study reduced hippocampal volume was associated with deficits in short-term memory (Bremner et al., 1995b) . Thus, hippocampal atrophy may provide an explanation for the general memory deficits of PTSD patients. Inversely, cognitive deficits in PTSD have also been hypothesized to represent a risk factor for the development of PTSD (McNally and Shin, 1995) .
Relatively few studies have directly studied the effect of stress-related cortisol on memory processes in humans. Kirschbaum et al. (1996) found a significant negative relationship between stress-induced cortisol levels and performance on a memory task; i.e. subjects with higher cortisol response showed poorer memory performance. Several studies in normal subjects showed that administration of commonly used therapeutic doses of GCs resulted in declarative memory impairments (Kirschbaum et al., 1996; Newcomer et al., 1999) . In one study significant effects of hydrocortisone were found on working memory, but not on paired-associate declarative memory function (Lupien et al., 1999) . In line with the hypothesis that cortisol only impairs hippocampus-mediated memory, a differential effect was found between procedural and declarative memory: cortisol did impair declarative, but not procedural memory (Kirschbaum et al., 1996; Lupien et al., 1997; Newcomer et al., 1999) . Moreover, the effects of cortisol seem to be reversible (Newcomer et al., 1999) . Although more direct evidence is needed, cortisol secretion seems to be an important factor in the occurrence of amnesia for emotional events in PTSD-patients.
A psychoneurobiological model for memory disturbances in PTSD
Findings from neuropsychological and neurobiological studies suggest a working model for memory dysfunction as a core element of PTSD. While witnessing a traumatic event two stress reactions may occur. As a first rapid reaction, (nor)adrenaline is secreted. This may strengthen emotional memory traces, and enhance fear conditioning. Since the retrieval of traumatic memories is often accompanied by enhanced levels of adrenaline, this may further engrave the traumatic memory each time that it is retrieved. This may account for the sharpness of intrusive memories and conditioning reactions, such as startle, of PTSDpatients. Dysfunction of the medial PFC, a structure that normally inhibits the activation of the amygdala, may further enhance the effects of amygdala function, thereby increasing the emotional valence and the frequency of intrusive memories. Together with amygdala activation pre-frontal dysfunction may also play a role in stress sensitization, thereby accounting for the effects of prior trauma in developing PTSD after subsequent traumatisation. Dysfunction of the PFC may also account for deficits in working memory and inhibition of irrelevant stimuli in PTSD-patients.
Cortisol may also be released during stress. This may result in acute (but reversible) hippocampal dysfunction, and thus in verbal, declarative memory deficits, such as traumarelated amnesia, while leaving non-hippocampus mediated memory processes unaffected. Chronic cortisol secretion may eventually result in a permanent loss or atrophy of hippocampal cells. This may underlie the deficits in declarative memory that PTSD patients demonstrate. Since the hippocampus plays an important role in the integration of different aspects of a memory, especially locating it in time, place, and context (Squire and ZolaMorgan, 1991) , we have hypothesized that dysfunction or atrophy of the hippocampus may also underlie distortions and fragmentations of trauma memories (see also Bremner et al., 1996a) .
In sum, by way of its influence on amygdala, hippocampus, and PFC, severe stress may simultaneously result in strong emotional reactions and in an incapacity to deliberately recall the emotional event (Ledoux, 1996) . This is in line with the information processing models that make a distinction between declarative and non-declarative functions in processing trauma-related information. In our model, non-declarative processes are mediated by the amygdala, that is found to be especially responsible to subliminal stimulation (LaBar et al., 1995; Bechara et al., 1995) whereas declarative memories are mediated by the hippocampus and PFC.
Although our model is supported by empirical evidence at several points, more studies are needed that directly assess our hypotheses. With regard to trauma-related amnesia, it should be tested in PTSD-patients whether encoding processes are specifically impaired under high levels of cortisol by assessing memory retrieval when cortisol levels are low. Until now, most studies have assessed memory encoding and retrieval under conditions of high cortisol levels in healthy subjects, preventing the possibility to distinguish the effects of cortisol on encoding and retrieval (Kirschbaum et al., 1996; Lupien et al., 1997; Newcomer et al., 1999) . Also the relationship between amygdala function and PFC in PTSD-patients needs more investigation.
This model of PTSD as a disorder of memory may have several implications. Given the fact that most trauma survivors tend to recover after the initial trauma, many efforts have been put into predicting who is at risk for developing PTSD. According to our model, PTSD would especially occur in individuals with hippocampal dysfunction in response to trauma, resulting in fragmented memories or (partial) amnesia of the traumatic event. Hippocampal dysfunction may be due to high levels of cortisol secretion during or shortly after the traumatic event, or by enhanced sensitivity of cortisol receptors in the hippocampus, possibly due to prior trauma. High levels of adrenaline may further aggravate PTSD symptoms by increasing intrusive symptoms and conditioned responses. Hippocampus dysfunction as a predictor for the development of PTSD accords with information processing theories, posing that a lack of verbal representations of the trauma may inhibit its integration in preexisting networks, and thus recovery.
Although ultimately physiological parameters may underlie the development of PTSD, psychological factors (e.g. appraisal of the event, perceived control, social support) and personality characteristics (e.g. neuroticism, self-esteem) play a crucial role in the development of PTSD (Fauerbach et al., 2000) . Those factors may directly influence the release of stress hormones during and after a traumatic event. Lack of self-esteem, for example, has been found to correlate with cortisol response to a stress task (Pruessner et al., 1999) . In the past, efforts have been put into differentiating psychological factors specifically associated to adrenal versus GC activity. In animal models, adrenal activity has been related more to 'defense' reactions, whereas cortisol is more associated with 'defeat' (Henry and Stephens, 1977) . If this would also apply to humans, a reaction of defeat in response to a traumatic event might yield larger cortisol-responses, and thus increased cortisol-related PTSD symptoms (e.g. memory impairments, and trauma-related amnesia) than defense responses. Until now, evidence in favor of such models is scarce, however, so that these ideas should be regarded merely as speculations. Also factors that influence hippocampal plasticity (e.g. age, gender) may be related to enhanced vulnerability for developing PTSD after exposure to a traumatic event. Thus, chronic abuse at a young age may yield higher rates of PTSD than abuse occurring at a later age, when hippocampal plasticity has decreased. Gender differences in hippocampal plasticity have also been found in rats, which potentially suggests that the hippocampus may be more vulnerable in women (Juraska, 1991) .
It is assumed that this model on memory impairments in PTSD is generic to all types of traumatic events. Nevertheless, certain features of traumatic events have been associated with specific memory dysfunctions. It has been suggested, for example, that abuse by a parent or caregiver is more often accompanied by amnesia for the event than when the perpetrator is unknown to the victim (Freyd, 1996) . Moreover, it could be hypothesized that events which are intrinsically more closely related to 'defeat' (e.g. loss of a loved one), might predominantly result in cortisol-related memory impairments, whereas events that are more closely related to 'defense' (e.g. war experiences), could result in intrusions and flashbacks.
It should be noted that if memory dysfunction in PTSD can (partly) be traced back to physiological processes, no intentional, psychological factors are necessarily needed to explain the occurrence of memory disturbances. This is particularly important with respect to traumatic amnesia, which has typically been described as the result of avoidance or repression. If amnesia is instead induced by hippocampal dysfunction, assigning intentions of deliberately forgetting may even be harmful to patients.
In line with the ideas on the development of PTSD, it is predicted that exposure therapy to recover and process trauma-related memories may only be useful under circumstances when cortisol and adrenaline levels are on low. Otherwise, exposure to trauma-related memory may further aggravate the fragmentation (or even amnesia) and intrusive-ness of traumatic memories. Under therapeutic conditions a facilitation of associations to related events may bring all of the aspects of the memory together so that eventually the memory may be verbally reconstructed. These memories are reconstructions, however, and it must be stressed that accordingly, these reconstructed memories are dependent on the emotions and needs of the context in which they are retrieved . Brain structures related to the prefrontal cortex. Areas of medial prefrontal cortex including anterior cingulate (Brodmann's areas 32, or the 'Stroop' area, Brodmann's area 24 ('subgenual cortex') and area 25 (subcallosal gyrus), as well as orbitofrontal cortex, have inhibitory projects to the amygdala, as well as outputs to activation of the peripheral stress response. 
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